ABSTRACT
This paper discusses the results of a pulsed-flow leaching test using simulated J-13 well water leachant. This test was performed on three blanket fiel segments from the ANL-W EBR-11 nuclear reactor which were originally made up of depleted uranium (DU). This experiment was designed to mimic conditions which would exist it upon disposal of this material in a geological repository, it came in direct contact with groundwater. These segments were contained in pressure vessels and maintained at a constant temperature of 90°C. Weekly aliquots of leachate were taken from the three vessels and replaced with an equal volume of fresh leachant. These weekly aliquots were analyzed for both 90Sr and 137Cs. The results of the pulsed-flow leach test showed the formation of uranium oxide (UOZ) and uranium hydride (UH3) particulate with rapid release of the 137CSand 90Sr to the leachant. On the fifth week of sampling, one of the vessels became over pressurized and vented gas when opened. The most reasonable explanation for the presence of gas in this vessel is that the unoxidized uranium metal in the blanket segment could have reacted with the surrounding water leachant to form hydrogen, However, an investigation is currently being undertaken to both quali@ and quanti& Hz formation during uranium spent nuclear fiel corrosion in water.
INTRODUCTION
The primary objective of this experiment was to evaluate the interaction of irradiated blanket fuel from the Experimental Breeder Reactor 11(EBR-11) at Argonne National LaboratoryWest (ANL-W) with simulated J-13 (SJ-13) well water at 90"C. The incentive to petiorm thk type of analysis originates from the fact that spent nuclear fuel and other high level radioactive waste is expected to be stored in geological repositories for indefinite periods of time. Over these prolonged periods, the containers used for the waste storage, Engineered Barrier Systems (EBS), will eventually lose their structural integrity and fail. In this event, any groundwater present could infiltrate the storage containers and interact with the spent fhel. The more soluble radioactive species in the waste fuel could then be transported in the groundwater to regions that, for instance, contain potable water. This scenario creates an incentive to study the dissolution kinetics of spent nuclear fiel in contact with surrogate groundwater as it provides us with valuable itiormation on this type of interaction. [ 1] The three EBR-11 blanket fiel segments that were used in this experiment originated from subassembly U 1302, element 10. They included pin segments designated as follows: F-152 [U], and F-144 [1] & [11], The blanket element was originally made of unalloyed uranium metal, depleted in 235U. However, due to the fact that this blanket pin was irradiated over a span of thirty years, its final composition consisted roughly of 99°/0 238 LT.10/0'39Pu and some fission products and other transuranic elements,
The mode of measuring the dissolution rates of nuclides from these blanket fuels was adapted from a well-developed test method. [2, 3, 4, 5] This method is commonly known as a pulsed-flow test which allows evaluation of the durability of radioactive materials when they come in contact with various solutions. Since this test method is fimdamentally utilized to determine the leaching behavior of glass nuclear waste forms [2, 3, 4, 5, 6 ], the contact solutions will from now on be referred to as Ieachants. Briefly, this test requires that the small volume of Ieachate used for analysis be related with fresh leachant. This process is supposed to mimic slow-flow groundwater conditions that could exist in geological repositories.
EXPE RIM13NTAL
A.
Samde Description
The three cylindrical fuel segments chosen for this experiment originated from a 55" long blanket fuel pin. Without cladding, the diameter of each measured 0.433". Table 1 provides more physical information for each segment. Included is the axial position of the segment relative to its distance from the bottom of the pin, its mass, its actual length, and the initial activities of both 90Sr
and 137Csper gram of sample.
The specific 137CSactivity for each sample was estimated by extrapolating between samples of measured activity. Isotopic analysis had been previously performed on other segments of the same blanket pin to derive isotopic distributions of various fission products. This work was petiormed by the Analytical Laboratory (AL) at ANL-W.
As for 90Sr, no experimental data was available. The initial 90Sr activity of each segment was based upon values taken from calculations made by Dick MeKnight at ANL-E. These calculations were made with the assumption that the average segment length was 0.25". The initial activities of both 137Csand 90Srwere converted to grams and these values were used to calculate the mass fraction,~., of these species. The mass fraction is simply defined as the mass of an element in an unleached sample divided by the mass of the sample. The mass fraction was eventually used to calculate the weekly loss of 137CSand 90Sr from the sample. This is called the Normalized Eiemental Mass Loss (NAZL) and will be discussed in further detail below.
B. Sample Preparation and Treatment
The samples were cut and stored in dry argon prior to receipt. When the containers were opened, the samples were promptly removed from their cladding, washed of any trace sodium using de-ionized water, dried, and weighed. The sodium had been present to provide a thermal bond between the fbel pin and the cladding. It should be noted here that, when freshly exposed to the air atmosphere of the ANL-W Analytical Laboratory Hot Cells, the color of each sample was grey indicating some surface oxidation of uranium had already occurred.
After weighing the samples, their dimensions were measured with a caliper. The geometry of a cylinder was used as the model to calculate the three sample surface areas. When measuring sample F-144 [11], a small fissure could be seen along the length. This added surface area was impossible to measure, therefore it was not added into the surface area calculation, When the surface areas of all three samples had been determined, the sample surface area-to-l eachant volume ratio, S/V, for all three vessels could now be established which was 25m-1.
The samples were then placed in standard 22 mL 304L stainless steel (Parr Co.) pressure vessels. Placed within each vessel was a perforated titanium stand which prevented the sample from coming in direct contact with the bottom of the vessel. This ensured that most of the sample surface area would be exposed to the SJ-13 leachant at all times. The appropriate volumes of SJ-13 well water were then pipetted in with the corresponding samples. A blank of SJ-13 water was also prepared to maintain analytical integrity of the experiment. Weekly aliquots of the blank were also taken so that any chemistry petiormed on the sample Ieachates were simultaneously performed on the blanks to determine a base-line for contamination. Table 2 shows the chemical make-up of the simulated J-13 well water.
The vessels containing the samples and blank were capped and placed in an oven to be maintained at 90"C for the duration of the experiment and removed from the oven only for the brief time periods required for sampling. As stated above, the pulse flow method requires that a fraction of the leachate be removed at fixed time intervals and replaced with fresh leachant. Thus, 5 mL aliquots of Ieachate were taken out every 7 days for analysis and replaced with an additional 5 mL of fresh leachant. The samples were always filtered with a 0.45~m syringe filter.
One milliliter of the weekly leachate sample was used for 137CSgamma analysis. This lmL Ieachate sample aliquot was diluted up to fifly mL in a snap-cap vial and counted over a calibrated germanium lithium drifted (GeLi) detector. Upon completion of the 137CSgamma analysis 3 mL 
Radionuclide Release Testing
During the first three weeks of testing, the NML curves for the three samples in Figures 1 and 2 exhibit moderate release rates. On the fourth week of sampling (28 days), a sudden upward trend in both the 137Cs and 90Sr curves for sample F-144 [11]was observed. This shift was an order of magnitude greater than that of the previous week.
On the fifth week of sampling (35 days), when opening the vessel containing segment F-144 [11], there was a vigorous release of gas and loss of leachate as the gas bubbled out of the vessel. Due to the high pressure buildup in the vessel, it was initially difficult to loosen the lid.
The other sample vessels opened without any difficulty and without any obvious release of gas. Those results are presented below in section C.
Routine sampling of the remaining two blanket segments continued. The contents of both vessels were viewed during weekly sampling intervals. The amount of corrosion sludge appeared to increase with each ensuing week, However, the metal segments appeared to be intact until the 16* week (11 2 days) of sampling. After the 16ti week the segments were left in the oven, unopened, for three weeks and then sampled again on the 19* week (116 days). Figure 1 shows a dramatic increase of 137CSon the 19* week. However, Figure 2 does not show the same increase of 90Sr. At the end of the leach test, the remaining two vessels were opened and the material inside was observed. As for sample F-152 [U], some of the original monolith remained intact, yet most had corroded to sludge. F-144 [1] had completely corroded into the black sludge. There was no trace of the original blanket segment. Interestingly enough, the amount of 90Sr released from this sample jumped by an order of magnitude at week 7 (49 days). Yet after this, there was again a more gradual release of 90Sr until the final sampling on week 19. However, relative to the M4L of 137CS, this was still very little in comparison.
The total mass loss of both 137CSand 90Sr
was calculated for the three blanket segments and the results are shown in Table 3 . Table 3 lists the leaching time, the mass of original monolith, the leachant volume, and the estimated percent mass loss of 137CSand 90Sr from each of the three blanket segments a the end of the test. Notice that the percent of total 137CSleached from each segment was much greater than the percent of total 90Sr. It can also be seen that more cesium and strontium leached out of sample F-144 [1] than out of the other two samples. Remember that this particular blanket segment had entirely corroded during the intervening time between 16* and the 19* week of sampling. 
c. Corrosion Sludge Analysis
Sludge samples of the three blanket segments were rinsed, transported out of the hot-cell environment, and air-dried for analysis by X-Ray Diffraction (XRD). The accuracy of the results shown in Table 4 has been calculated to approximately + 10'% at 20. But, this applies only if the species is present in quantities greater than 10 wt O/O. The error rises appreciably with anything less than 10 wt 0/0 percent The error value was determined by performing a standardless least-squares fit using data obtained from prepared mixtures containing both U02 and Zr02. presence of uranium and oxygen in the corrosion sludge, The carbon peak in the spectrum comes from a graphite coating. It is used to prevent excess electrical charge from building up in any one spot which would impair imaging of the sample. The carbon essentially provides a semiconducting medium that will allow electrons to disperse evenly through it. Hydrogen cannot be detected using Energy Dispersive X-ray (EDX) spectroscopy because the x-ray energy of hydrogen is too low. Therefore, this is not an analytical tool to be used for the identification of UH~in uranium corrosion sludge,
IV. DISCUSSION

A, Background
Before proceeding with any explanations of the phenomena observed during the blanket fiel leach test, a brief summary on uranium metai/ water interactions should be discussed to provide some clarity on the subject. Orman [7, 8] provided some insight into the process by which uranium metal oxidizes in water. There are several general reactions that can occur:
1. Oxidation in the presence of Oa (Oxic): 
It has been found that the oxic reaction is favored over the anoxic reaction. That is, in aerated water, uranium corrosion will proceed by reaction (1) until the oxygen is depleted. The retardation of the U + HZO reaction by oxygen has been explained. [7, 8] Briefly, as the uranium oxidizes via oxygen, a thin oxide layer forms. Adsorbed to the surface of this oxide layer is an additional layer of oxygen. This initially restricts the difision of the reactive species across this barrier thus temporarily slowing down the rate of uranium oxidation. However, when all of the oxygen is consumed, the reaction turns anoxic, the rate increases, and hydrogen gas is produced.
Uranium hydride has also been found to be an intermediate product of uranium oxidation by water. [7, 8] One would suspect that UH3, due to its high reactivity, could not coexist with water or air. However. it has been postulated that the air/water stability of this hydride is due to protection by an adherent oxide, [7, 8, 9] Gray and Einziger 
Anoxic Corrosion of The EBR II Blanket Fuel Se~ments
Initially, with respect to 137CSand 90Sr mass loss, the corrosion rate of the blanket fiel segments seemed moderate. However, as can be seen by the curves in Figures 1 and 2 at week 4, both cesium and strontium levels increased substantially in the leachate belonging to sample F-144
[11]. And, on the 5ti week of sampling, the release of gas and leachate from the vessel containing , the same substantial release of '37CSinto the leachates was observed after these vessels were left unopened in the 900 C oven during the final three weeks of the experiment. However, when these vessels were uncapped, there was no accompanying discharge of gas. It is not clear whether gas had evolved and leached out or if no gas had been produced. Future tests will be made to allow monitoring of the gas pressure. Gray and Einziger [6] hypothesized that, if Stage 2 corrosion could be correlated with the Cs dissolution data that they had obtained, then Stage 2 corrosion appeared to start within the range of 9000 to 13,000 mg"m-2'd-l, If this hypothesis can be applied to the Cs dissolution rates experienced by the EBR-11 Blanket Fuel segments, then sample F-144 [11] exceeded this range at the onset of the experiment. As can be seen from Figure 6 , the Cs dissolution rates for F-144 [11] ranged from 34,000 to 190,000 mgm-2"d-l. 
c.
Strontium Carbonate Formation
From Figure 2 and Table 2 one can see that strontium did not seem to leach out into the SJ-13 well water as readily as cesium. There is a very probable explanation for the strontium deficient Ieachate. First, consider the relative solubilities of Cs vs Sr. It is known that salts of all alkali metals (Group I elements in the Periodic Chart) are considered to be soluble in aqueous solutions. Cesium is a Group I element. However, not all salts of alkaline metals (Group II elements), of which strontium is a member, are soluble in aqueous solutions. Referring back to Table 2 , one can see that the SJ-13 well water contains both sodium and potassium bicarbonate.
These species are readily ionizable in water. Therefore, carbonate ions were available in the leachant to precipitate with any strontium that leached out of the blanket fhel segments. Although cesium carbonate (CSC03) would have been fully soluble in the SJ-13 leachant, strontium carbonate (SrCO~) would not. The other anionic species present in the SJ-13 water, including the nitrate (NO~-), sulfate (SOt-), and chloride (Cl-) ions, form water soluble salts with both Cs and Sr therefore, none of these would have precipitated in the corrosion sludge.
As for strontium carbonate, consider the following equations showing its equilibrium expression and its volubility product constant:
The volubility product constant, K,P, of SrC03 indicates only slight volubility in water. and 90 were the only two isotopes present in sufficient quantities to have any tiect on the total mass. It is apparent from Table 5 that more than enough total CO~2-ions were added to each vessel to react completely with all of the strontium present. So then, the reason that the NML leaching values for strontium were so low was that most of the leached strontium was tied up as insoluble carbonate. 
D. Uranium Hvdride Formation
As seen in the XRD patterns in Figure 5 , two of the three samples had formed uranium hydride (UHJ). It is known that uranium oxidation by water forms some hydride product that appears fairly stable in small quantities in the U02 corrosion matrix. [7, 8, 9] unexpected. Orman [7] suggested that UH3 appears to be a partial product of the uranium/water interaction but, could react fbrther to form the products shown in reaction (4). So if UHq had at one time been present in the corrosion product of sample F-144 [1] then it could have eventually all reacted to form U02. And maybe this could onIy have occurred after all of the uranium metai had reacted. In which case, as long as metallic uranium exists in the aqueous environment, a small amount of UH3 will also coexist.
v. CONCLUSION
This study of the interaction of metallic EBR-11 irradiated blanket fhel with SJ-13 well water at 90°C was conducted over a time period of six months. This study led to the destructive corrosion of the three specimens in a manner consistent with mechanisms suggested by Orman and others. [6, 7, 8 ] Uranium EBR-11 blanket fhels corrode readily in SJ-13 water to form a black "sludge" made up of UOZ and UH~. However, UH3 is not always present in corrosion sludge as proven by sample F-144 [1]. The possible formation of hydrogen that could have occurred in the pressure vessel containing sample F-1 44 [1] must be investigated in greater detail. Currently, efforts are being made to both identi~and quantifi hydrogen resulting from the uranium metal/water interaction using both unirradiated depleted uranium and irradiated EBR II driver l%el.
As for the fission product leach testing for 137Csand 90Sr, cesium appears to be more soluble in SJ-13 well water than strontium and this is probably due to the relative insolubility of SrC03 in water.
